The RecA protein has a second, direct role in the mutagenesis of Escherichia coli and bacteriophage lambda in addition to its first, indirect role of inducing the SOS system by enhancing the proteolytic cleavage of the LexA repressor protein. The need for RecA protease and recombinase functions in the direct role was examined in cells containing split-phenotype RecA mutations, in the absence of LexA protein. Spontaneous mutation of E. coli (his -> his') required both the protease and recombinase activities. The mutation frequency increased with increasing RecA protease strength. In contrast, UV-induced mutation of E. coli required only the RecA protease activity. Weigle repair and mutation of UV-irradiated phage S13 required only RecA protease activity, and even weak activity was highly effective; RecA recombinase activity was not required. RecA+ protein inhibited RecA (PC [protease constitutive] Rec+) protein in effecting spontaneous mutation of E. coli. We discuss the nature of the direct role of the RecA protein in spontaneous mutation and in repair and mutagenesis of UV-damaged DNA and also the implications of our results for the theory that SOS-mutable cryptic lesions might be responsible for the enhanced spontaneous mutation in Prtc Rec+ strains.
The RecA protein of Escherichia coli responds to DNA damage by activation to a so-called protease state in which it enhances the proteolytic cleavage of the LexA repressor protein, thus inducing the SOS gene system, including some genes involved in repair of damaged DNA (10) . The RecA protein can also be activated to this protease state by mutations, recA (Prtc), which confer constitutive protease activity on the protein even in the absence of DNAdamaging treatments (6-8, 15, 22) . For the three recA (Prtc) mutants studied, it has been suggested that their RecA (Prtc) proteins are in the activated state without DNA damage because they bind the regions of single-stranded (ss) DNA present in normal cells (11, 13) . Many additional recA (PrtC) mutants are now available (15, 16) , and it is conceivable that some of these may not even require any binding of ssDNAs to activate the protein to the protease state. The terms protease state and protease activity are not meant to imply that the RecA protein is a true protease in contrast to the possibility that it may be a cofactor in the self-proteolysis of the LexA repressor (9) .
Mutagenesis of E. coli and of bacteriophage lambda has been shown to require activated RecA protein for induction of the umuDC genes of the SOS system. Intact umu genes are essential for both spontaneous (4, 15, 21) and UVinduced (1, 7, 14) mutagenesis. But even when the umu genes are fully induced by a lexA (Def) mutation, activated RecA is required for a second, direct role in mutagenesis (2, 4, 16, 21) in addition to its first, indirect role. This second role of activated RecA protein does not involve induction of any non-SOS genes (21) , a finding that justifies the assumption that the second role is a direct one.
In the present work the direct role of RecA function in mutagenesis was dissected with the aid of a large variety of recA mutants (15, 16) , particularly those with the phenotypes PrtC Rec+, Prtc Rec-, and Prt-Rec-. The protease and recombinase activities of RecA are interrelated in a complex * Corresponding author.
way (19) . Fortunately, the recA mutants provide a means to treat these activities as separate to a first approximation and to correlate them with mutagenesis and repair. We show that some aspect of the RecA protease activity that is required for cleavage of the LexA repressor was required for the direct role in mutagenesis of UV-irradiated E. coli and also in Weigle repair and mutagenesis of UV-irradiated phage S13. Some aspect of RecA recombinase activity, as well as protease activity, was needed for spontaneous mutagenesis of E. coli.
MATERIALS AND METHODS
Bacterial strains. All the lexA+ strains were lysogens of strain EST1515 ArecA306 sulA211 dinDI: :Mu d(Ap lac) his4, a temperature-resistant strain whose derivation was described previously (15) . All the A recA phages used to form the lysogens were obtained by mutagenesis of X recA+ cI ind att+, a phage containing a cloned recA gene constructed by Sara Cohen and David Mount; the properties of the recA alleles were described previously (15) except for recA1603 and recA1604, which were found to be class 4 Prtc Rec+ mutants by the criteria of Tessman and Peterson (15) . All the lexA (Def) strains were constructed by lysogenizing strain EST1663, which is lexA71 (Def) ArecA306 sulA211 dinDI::Mu d(Ap lac) his4 (15), or its S13-sensitive derivative, IT1865. The recA+IrecA (PrtC 'Rec+) diploid strain (EST2214) was constructed by lysogenizing lexA (Def) recA+ sulA211 dinDI::Mu d(Ap lac) his4 (EST2076) with X recA1217.
Media. The M9-CAA medium and the limiting histidine plates have been described (15) . When cytidine (C) and guanosine (G) were added to limiting histidine plates, C was added to 300 ,ug/ml and G was added to 350 ,ug/ml.
Phenotype symbols. A recA mutant with constitutive ability to greatly enhance the proteolytic cleavage of LexA repressor protein is designated Prtc. The Rec-designation indicates reduced recombination in bacterial matings and greatly increased UV sensitivity (15) . adsorb S13. We used this property to select S13S derivatives of E. coli K-12. Weigle repair and mutagenesis were measured as previously described (17) .
RESULTS
Spontaneous mutation of E. coli requires RecA protease activity. The effect of recA (Prtc) alleles (Table 1) on the frequency of the spontaneously occurring mutation his4 --his' was determined in a lexA (Def) background to separate the second role of RecA from its better known role in cleavage of the LexA repressor. Five indices of protease strength that were previously evaluated (15) were used to relate the spontaneous mutation frequency to protease strength; these indices give semiquantitative estimates of the proteolytic activity of the RecA protein for cleavage of the LexA repressor because they were studied in a lexA+ strain. These indices are (i) induction of the SOS gene dinD::lac, which distinguishes mutants of moderate and low protease strength (class 4) from all the rest; (ii) inhibition by C plus G of the induction of dinD::lac, Which distinguishes the strong protease mutants (classes 1 and 2) from each other and from classes 3 and 4; (iii) induction in the lexA+ background of one or more unknown SOS genes that cause enhanced permeability for various drugs (this index distinguishes all four classes of mutants); (iv) induction of X imm434, which distinguishes classes 1 and 2 from the weaker classes 3 and 4; and (v) the spontaneous mutation frequency in the lexA+ background, which reflects in part the degree of induction of the SOS genes umnuDC and also in part the second role of the RecA protein (this index distinguishes the four classes of mutants from one another). The last index is reproduced in Table 1 for comparison with the spontaneous mutation frequencies that were obtained in the lexA (Defl) background.
In the lexA (Def) strain, the second role of the RecA protein was immediately evident. In a strain containing a recA+ allele, derepression of the SOS genes produced only a small increase (ca. fourfold) in the spontaneous mutation frequency; the value of 5.6 + 1.0 mutants per plate was the basal level in the absence of substantial activated RecA protein. A large increase (57-to 80-fold) occurred with the strongest (class 1) protease-constitutive mutants. The weaker the protease activity the less effective was the recA mutant in its second role, buit even the weakest Prtc mutants (class 4) showed a substantial increase (12-to 21-fold) in mutation frequency if the LexA protein was inactive.
A comparison of spontaneous mutation frequencies between the lexA+ and lexA (Def) strains revealed the relative importance of protease activity in the direct and indirect roles of the RecA protein in the formation of spontaneous mutations (Table 1) . For the strongest protease-constitutive recA alleles (class 1), there was little difference. This was because the class 1 mutants were presumably strong enough in their ability to derepress the SOS genes (the primary role of RecA) so that the lexA+ strain was almost equivalent to a lexA (Def) strain in expression of the umuDC genes. But for the weaker classes of recA (PrtC) mutants, the spontaneous mutation frequency was substantially higher in the lexA (Def) strain than in the lexA+ strain. This was most striking ambng the class 4 mutants. For the same recA allele, the difference between the lexA+ and lexA (Def) strains must have been largely due to the ability of RecA protease to effect cleavage of the LexA repressor. Therefore, the striking differences seen in the two backgrounds for the weaker classes of Prtc mutants must have been due to the inability of their RecA proteins to fully induce the SOS genes; the indirect role appears to be more dependent than the direct role on the degree of protease activity.
Inhibition of the spontaneous mutation frequency by C plus G. In liquid culture, addition of the combination of C and G, a precursor of negative effectors, reduces the protease activity for dinD::lac expression in class 2, 3, and 4 Prtc mutants, but not in class 1 mutants (15) . Derivatives of C plus G interact in vivo directly with RecA protein, rather Frequency of his4 -* his' mutations and cell survival as a function of UV fluence. All strains were A precA lysogens of the lexA+ strain EST1515: EST1454 recA1206, EST1822 recA1212, and EST1450 recA+ (15, 16) . The off-scale value of the spontaneous mutation frequency of the recA+ strain was 6 x 10-9.
than producing some nonspecific effect on metabolism (19) . In the plate test for spontaneous mutants (Table 1) , addition of C plus G reduced the mutation frequency for all classes of recA (PrtC) alleles in both lexA+ and lexA (Def) backgrounds. The reduction in mutation frequency by C plus G was not a trivial effect due to a reduced number of cells in the growth film on the limiting histidine plates, which could account for the reduced number of spontaneous mutants, since the number of spontaneous his' colonies depends on the total number of cells in the film. The number of cells in the film was measured for the recA+ allele in the lexA (Def) background by washing the plate as described in Materials and Methods. The number of cells was (1.5 ± 0.1) x 108 in the absence of C plus G and (1.1 ± 0.1) x 108 in the presence of 300 p.g of C per ml plus 350 ,ug of G per ml; the difference could not have accounted for the two-to threefold reduction in the number of mutant colonies.
Therefore, a semiquantitative correlation between the spontaneous mutation frequency and RecA protease activity is demonstrated in Table 1 , which indicates that the second role of RecA in spontaneous mutation depends on its protease function.
Spontaneous mutation of E. coli requires RecA recombinase activity. The existence of Prtc Rec-mutants (15) enabled us to determine whether the recombinase function was also required for the second role of RecA protein in spontaneous mutation ( Table 1 ). The PrtC Rec-mutants had considerably more protease activity than do the weakest PrtC Rec+ strains (15, 16) , but in contrast to the weakest PrtC Rec+ mutants, in the lexA (Def) background they showed no significant increase in spontaneous mutation frequency over the recA+ value. Thus, we see that the second role of the RecA protein in spontaneous mutatio'n requires not only the protease function but also some aspect of the recombinase function. The five Prtc Rec-mutants have been found by DNA sequence analysis to represent alterations at four different sites (19) .
UV-induced mutation of E. coli does not require RecA recombinase activity. It has been shown that the recA1203 (PrtC Rec-) allele, which is devoid of recombinase activity, gives a frequency of UV-induced mutagenesis for his4 -3 his+ in a lexA+ background that is as high as that obtained for the recA+ allele (16) . In the present work, UV-induced mutagenesis was measured for another PrtC Rec-allele, recA1206, which is also devoid of recombinase activity and has a base change at a different site (19) . The maximum observed UV-induced mutation frequency in the recA1206 strain was about as high as that observed for a strong Prtc Rec+ strain, recA1212 ( Fig. 1) , particularly when the high spontaneous frequency in the recA1212 strain was subtracted from the induced frequency. Since there was clearly an absolute increase in the number of mutations for most of the UV fluences applied to the recA1206 strain, the conclusion that the mutations were UV induced did not depend on the determination of cell survival. We confirmed that UVinduced mutagenesis of E. coli does not require recombinase activity.
RecA+ protein inhibits activity of RecA (Prtc Rec+) protein in spontaneous mutation. A diploid recA strain, EST2214, was constructed in a lexA (Def) background by lysogenizing strain EST2076, which contains the recA+ gene at its normal chromosomal site, with recA1217 (Prtc Rec+). The two types of RecA protein would be expected to be present in equimolar amounts, with the amount of each being the same as in a lexA (Def) strain haploid for recA. A haploid recAJ217 strain produced 317 spontaneous his' colonies ( (unpublished observations) and is in reality a high frequency (see Discussion). We thus see that the RecA protein is needed for a second role in S13 repair and mutagenesis. The recA441 mutation confers high protease activity at 41°C (6, 15) , but the lower activity at 37°C was still adequate for the second role. We will present additional evidence that relatively little protease activity is needed for the RecA protein to be effective in its second role.
Repair and mutation were normal in the lexA+ recAJ203 (Prtc Rec-) strain EST1529, proving that the recombinase function was not needed. In this case the background was lexA+, so the constitutive activity was also needed to cleave the LexA repressor.
To determine semiquantitatively how much protease activity is needed for the second role of RecA, Weigle repair was determined in the series of strains derived from the lexA (Def) strain IT1865 by lysogenization with lambda phages bearing recA mutations providing different degrees of constitutive protease activity ( Table 3 ). The two very strong (class 1) constitutive protease mutants repaired the phage most effectively. But even the four relatively weak class 4 PrtC Rec+ mutants were very effective.
Thus, relatively little protease activity was needed for the second role. This was illustrated in another way by the recA441 mutation. There was no measurable repair at 35°C in a lexA+ background (IT1819), but there was effective repair in a lexA (Def) background (EST1640). This was because recA441 provides insufficient protease activity at 35TC to cleave the LexA repressor and induce the SOS genes (data not shown), its first role, but there was enough activity for its second role, which was apparent in the lexA (Def) strain. As expected, at 41°C recA441 provided enough protease activity to cleave the LexA repressor so that repair was the same in both backgrounds.
The PrtC Rec-strainis that were defective in spontaneous mutagenesis of E. coli (Table 1) were nevertheless highly effective in Weigle repair of the UV-irradiated phage, showing that the recombinase function is not essential. The possibility that the recombinase function plays some small role in Weigle repair was not ruled out. Only in strains that were very low in protease activity (Prt+ Rec+) was the repair sector greatly reduced; it was compjetely absent in the PrtRec-strains, which did not even have inducible protease activity.
DISCUSSION
The second, direct role of the RecA protein in spontaneous and UV-induced mutagenesis of E. coli and in the Weigle repair and mutagenesis of UV-irradiated phage S13 was explored by using cells deleted for recA and lysogenic for X recA mutants representing the phenotypic classes PrtC Rec+, Prtc Rec-, Prt+, Rec+, and Prt-Rec-; the mutants were all distinct from the wild-type Prt+ Rec+ strain (15, 16 (15, 16) . For recA441 at 37'C the P-galactosidase specific activity was 12 Miller units.
d Strongly inducible with mitomycin C. e Inducible with mitomycin C to just 15% of the recA + inducible value (16) .
f Not inducible with mitomycin C. 9 lexA + help in distinguishing the second, direct role of the RecA protein in mutagenesis from its first, indirect role. The biochemical interactions of RecA in its second role in mutagenesis are not known. This is in contrast to its better understood first role in which in vitro it greatly enhances the proteolytic cleavage of the LexA repressor (10) . The strong correlation of the rate of spontaneous mutation with RecA protease activity for the LexA repressor indicates that the second role involves something related to the protease activity. But the additional need for RecA recombinase activity for expression of spontaneous mutation, as observed in PrtC Rec-strains, indicates a distinct difference between the two roles.
We look for an explanation of this difference in the proteins with which RecA must interact. RecA must complex with the LexA protein in its first role bpt not in its second, and it likely must complex with the qU C protein in its second role An important implication of this analysis is that the binding of ssDNA to RecA may have at least two consequences in SOS repair. A known consequence is the cleavage of LexA and other repressors; the other could be the complexing of UmuDC with RecA at the site of the block in DNA synthesis to assist synthesis past the block.
Another distinction between the first and second roles of the RecA protein in repair was that in a lexA (Def) background, mutants with relatively little constitutive protease activity were able to give practically the maximum amount of Weigle repair. For example, the weak mutant recA1238 (Prtc Rec+) was about as effective (Table 3) as mutants 17 times stronger in their constitutive induction of the SOS gene dinD (15) . For UV-irradiated DNA, therefore, the first role of RecA appears to require more activated RecA protein than does the second role. In contrast, for spontaneous mutation, the second role of RecA is more effective the greater the protease strength.
The dependence of spontaneous mutation on RecA recombinase activity also indicates a distinct difference between the second role of RecA in increasing the appearance of spontaneous mutants and its second role in the repair and mutagenesis of UV-irradiated DNA because in the latter case no significant recombinase activity is needed. This is particularly relevant to the idea that in the absence of mutagenic treatment there still may be SOS-mutable cryptic lesions (20) , possibly apurinic sites (12) , which might account for the enhanced spontaneous mutation in a Prtc Rec+ strain. However, an explanation is needed of why the effect of the putative cryptic lesions should require RecA recombinase activity for expression, whereas the effect of UV lesions does not.
In a diploid strain containing RecA+ and RecA (Prtc Rec+) proteins in a lexA (Def) background, the wild-type protein inhibited the constitutive protease activity of the mutant protein, although the amount of each protein was expected to be the same as that in the haploid state. There are two ways in which this inhibition may be viewed. (i) The two proteins could compete for ssDNA. RecA+ protein may bind to the naturally occurring short stretches of ssDNA, even though such binding would not result in activation. Yet that would deplete the supply of ssDNA that could be used to activate the RecA (Prtc Rec+) protein.
(ii) The RecA+/RecA (Prtc Rec+) hybrid multimeric form of the protein could have reduced constitutive activity for the presumptive binding to UmuDC, possibly because of decreased binding to ssDNA.
